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Highlights

e Observations of glaciers and ice caps outside Greenland from 2018 and 2019 (the most recent
data available) show regional variations in mass change, and a continuing trend of significant ice
loss throughout the Arctic.

e |celossin 2018 and 2019 was dominated largely by melting in Alaska, Arctic Canada, and
Svalbard, in association with anomalously warm air temperatures, with 2019 producing the
most negative mass balance year on record for the combined Alaska glaciers.

e The estimated total mass loss for Arctic glaciers and ice caps as a whole during the combined
GRACE and GRACE-FO period (2002-19) is -164 + 23.8 Gt yr™%, which is equal to a global sea level
rise contribution of approximately 0.4 mm yr™.

Introduction

Numerous glaciers and ice caps, in multiple climatic zones, occupy land areas in the Arctic outside
Greenland. They exist where the rate of snow accumulation exceeds the rate of melt by atmospheric
heat. Although their potential longer-term contribution to sea level rise is small compared to the ice
sheets of Antarctica and Greenland, on the short term these smaller land ice masses have contributed
disproportionately to recent sea level rise in response to continued atmospheric warming (Gardner et al.
2011, 2013; Jacob et al. 2012; Millan et al. 2017; Wouters et al. 2019). Observations of glaciers and ice
caps from 2018 and 2019 (the most recent data available) show regional variations in mass change and a
continuing trend of significant ice loss throughout the Arctic and especially in Alaska and Arctic Canada.

Measurements of glacier mass change allow us to assess the state, or health, of a glacier and how it
influences changes in global mean sea level. Glaciers gain mass by snow accumulation and lose mass
through surface melt and runoff and, where they terminate in the ocean or a lake, by iceberg calving.
The annual mass balance is traditionally measured over a 'balance year' that, in the Arctic, is often
defined operationally to extend from September to August of the following year. Positive annual mass
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balance values indicate a gain in mass over the balance year, whereas negative mass balance values
indicate a loss in mass. This summary considers the annual mass balance in two ways: the climatic mass
balance, which is the difference between the annual mass gain by snow accumulation and the annual
mass loss by surface melting and runoff, and the total mass balance is given by the mass gain by snow
accumulation minus runoff and iceberg calving. Of the 27 glaciers currently monitored for mass balance
across the Arctic (Fig. 1), only three (Kongsvegen (Svalbard), Hansbreen (Svalbard), and Devon Ice Cap
(Canada)) are tidewater glaciers, which lose mass by iceberg calving into the ocean.
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Fig. 1. Arctic glaciers and ice caps (red), including ice caps in Greenland separate from the ice sheet (Pfeffer et al.
2014). Black dots indicate the locations of regularly monitored glaciers in the Arctic. Yellow shading shows the
GRACE- and GRACE-FO-derived mass anomaly domains, used to estimate changes in regional annual glacier mass
balance total mass balance for the heavily glacierized regions of the Arctic.
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Climatic mass balance

At the time of reporting, climatic mass balance measurements for mass balance year 2018/19 are
available from 10 of the 27 monitored Arctic glaciers (three in Alaska, four in Svalbard, two in Norway,
and one in Arctic Canada). This limited data availability is due to latency in seasonal measurements at
some glaciers and because some of these data are still provisional. Therefore, to provide a more
complete assessment of the state of Arctic glaciers and ice caps, we also report on 25 glaciers for mass
balance year 2017/18 (World Glacier Monitoring Service [WGMS] 2017; Kjgllmoen et al. 2019). For the
Arctic as a whole, the mean climatic mass balance values for 2017/18 and 2018/19 were negative,
indicating overall mass loss.

Negative balances were recorded for 16 of the 25 glaciers (64%) in 2017/18 (in Alaska, Svalbard, and
northern Scandinavia) and 9 (36%) registered positive balances (in Arctic Canada and Iceland). Relative
to the 1985-2015 mean values of climatic mass balance, 12 of the 25 were more negative and 13 were
more positive than the mean. The positive anomalies observed for the nine individual glaciers during
2017/18 contrast with the mainly negative annual mass balance anomalies that have driven the current
trend of continued mass loss observed throughout the Arctic since the mid-1950s (Fig. 2). With the
exception of the Svalbard region (where there has been no obvious recent acceleration of mass loss
rates), rapid mass loss across the five regions generally began during the 1990s (van Pelt et al. 2019;
Zemp et al. 2019). In 2018/19, climatic mass balance values reported for glaciers in Alaska, Svalbard,
Norway, and Arctic Canada were as a whole more negative than the long-term mean. For the combined
Alaska glaciers, 2018/19 was the most negative mass balance year on record and marked the seventh
consecutive year of strongly negative anomalies in the Alaska region.

5
o

-10.0

-15.0

-20.0 — Alaska

== Arctic Canada
-250 = |celand

== N Scandinavia
-30.0 == Svalbard

Cumulative Mass Change (mw. e.)

= Pan-Arctic

_35'[} Lotansatsalianniapasdaaiaaeiaidosiaprianlorasrsapadianiianialeiianraaliasaeiantl
1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

Fig. 2. Cumulative climatic mass balance in meters of water equivalent (m w.e.) for monitored glaciers in five
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regions of the Arctic and for the Arctic as a whole (Pan-Arctic), through the 2018/19 balance year. Mean balances
are calculated for glaciers monitored in each region in each year and these means are summed over the period of
record. Note that monitoring periods vary between regions and that the number and identity of glaciers monitored
in a given region may vary between years. (Source: WGMS 2017.)

Surface melting

The climatic mass balance of glaciers in the Arctic is strongly controlled by changes in air temperature.
Positive balance anomalies in Arctic Canada and Iceland during 2017/18 were likely influenced by
frequent low-pressure systems in the central Arctic generating persistent cloud cover that reduced solar
heating during summer (Overland et al. 2019). The negative balances of glaciers in Alaska, northern
Scandinavia, and Svalbard in 2017/18 were most likely linked to melt increases caused by positive air
temperature anomalies during autumn from the surface to 850 hPa, relative to the 1981-2010
climatology (data from NCEP-NCAR Reanalysis; Overland et al. 2019). In 2018/19, negative balance
values reported for glaciers in Alaska, Arctic Canada, and Svalbard were also associated with
anomalously warm air temperatures at 850 hPa and persistent ridges of high pressure over Arctic Russia,
Arctic Canada, and Alaska. Strong positive air temperature anomalies (2.5°-3.5°C at 1000-850 hPa) in
2018/19, associated with southerly winds and warm air (Overland et al. 2020), produced the most
negative mass balance year on record for the combined Alaska glaciers. For example, the 2019 average
summer air temperature at Wolverine Glacier in south-central Alaska was 11.1°C, marking the hottest
summer in the 52-year record and 3.2°C higher than the 1981-2010 climatological mean (Fig. 3). Over
the period of record at Wolverine Glacier (1967-2019), mean summer temperatures have increased 1°C,
at a rate of 0.02°C yr ! (p < 0.02; O'Neel et al. 2019).
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Fig. 3. Summer air temperatures at Wolverine Glacier, Alaska from 1967 to 2019, at 990-m elevation. The summer
season is defined as June, July, and August following Bieniek and Walsh (2017). (a) Distribution of mean summer
temperatures, shown with a histogram (bar plot) and probability density function estimate (smoothed curve).
Small vertical lines show each individual year's summer temperature, with Summer 2019 labeled for emphasis. (b)
Time series of mean summer temperature, with the 10 warmest years shown as red dots, and the 10 coldest years
shown as blue dots. An ordinary least squares trend line is fit through all data and is shown in purple (p < 0.02),
and an envelope of uncertainty about this line is shaded in light purple. The horizontal dashed line represents the
mean summer temperature for the 1981-2010 climatology.

Total mass balance

The regional total glacier mass balance in the heavily glacierized regions of the Arctic can be estimated
from time series of cumulative regional mass anomalies, here derived using GRACE (2002-17) and
GRACE FO (2018-present) satellite gravimetry (Fig. 1; Wouters et al. 2019). For the Arctic glaciers and ice
caps as a whole, the overall mass balance was strongly negative during the combined GRACE and
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GRACE-FO period (2002-19), with the record dominated largely by ice mass loss from Arctic Canada and
Alaska (Fig. 4). The estimated mass loss trends during this period for five regions in the Arctic are: -66 +
10 Gt yr™* (Alaska); -63 + 8.2 Gt yr™* (Arctic Canada); -9 + 1.8 Gt yr* (Iceland); -14 + 3.2 Gt yr ™ (Arctic
Russia); and -12 + 0.6 Gt yr* (Svalbard), with estimated uncertainties (at 2 std. dev.) including
corrections for glacial isostatic adjustment and terrestrial hydrology. The Arctic-wide estimate for mass
loss from glaciers and ice caps outside of Greenland is equal to a global sea level rise contribution of
approximately 0.4 mm yr~. By comparison, Greenland currently contributes about 0.7 mm yr™ (see
essay Greenland Ice Sheet). When normalized by area, glaciers and ice caps outside Greenland are
currently producing more melt per unit area than all land ice on Greenland. For the Arctic as a whole
(glaciers and ice caps plus the Greenland Ice Sheet) the current rate of contribution to global sea level
rise is 1.1 mm yr.
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Fig. 4. Cumulative changes in regional total stored water for 2002-19 (Gt), derived using GRACE and GRACE-FO
satellite gravimetry. A measurement gap exists between the GRACE and GRACE-FO missions from July 2017 to May
2018 through which linear interpolation is applied.
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